The improvements of respiratory drive and pulmonary mechanics which follow haemodialysis with ultrafiltration in mechanically ventilated renal failure patients seem predictable but have not been studied before.
Arterial hypoxaemia during haemodialysis has been extensively investigated and well-documented in renal failure patients who breathe spontaneously. Respiratory centre suppression with resulting alveolar hypoventilation during haemodialysis, and impaired gas exchange caused by intrapulmonary leucostasis and ventilation/perfusion mismatch due to membrane-mediated complement activation from poorly biocompatible dialysers have been proposed to be the main mechanisms responsible for dialysisinduced hypoxaemia 1 .
During acetate dialysis, the main mechanism is decreased gaseous CO 2 production during acetate metabolism which reduces ventilatory drive in order to maintain a constant P a CO 2 2, 3 . During bicarbonate dialysis, the mechanism responsible appears to be a suppression of respiratory drive by rapid alkalization of body fluids resulting from a gain of bicarbonate from the dialysate 4, 5 . However, these mechanisms have been proposed only by inference. Only De Backer et al 6 studied the changes of respiratory drive during acetate and bicarbonate dialysis in uraemic patients who breathed spontaneously using mean inspiratory flow (VT/Ti) as an index of neuromuscular drive. The changes of respiratory drive during haemodialysis in renal failure patients receiving mechanical ventilator support have not been studied before.
In renal failure patients, accumulation of oedema fluid around small airways results in reversible pre-mature airway closure and gas trapping 7 . From studies on chronic uraemic patients who breathe spontaneously, haemodialysis causes increased diffusion capacity (DLCO) 8 , decreased closing volume 7, 9 , increased vital capacity and maximal mid-expiratory flow rates (MMFR) 7 and increased ventilation to basilar areas of the lung 7 . These effects of haemodialysis on pulmonary function appear to be mainly attributable to decreased lung water content 7 .
Since its introduction by Whitelaw et al 30 , P0.1 has been used to assess respiratory drive. It gives a measurement of a weighted sum of the effect of all respiratory muscles active at a given time 11 . P0.1 can be used as an index of the amplitude of respiratory mechanical loading 12 . It has been proved to be an important indicator for successful weaning [13] [14] [15] and a valid index to assess the likelihood of respiratory muscle fatigue 15 .
Pressure support ventilation (PSV) is a mode of spontaneous breathing with partial mechanical support. Except for a preset pressure level, patients control tidal volume, respiratory rate, minute ventilation and breathing pattern with their own respiratory drive. The endotracheal tube offers a unique opportunity to continuously monitor various parameters of ventilatory function.
We inferred that improvement in pulmonary function during haemodialysis with ultrafiltration would decrease the respiratory effort necessary to maintain a constant minute ventilation and arterial oxygenation in mechanically ventilated renal failure patients. Improvements in pulmonary mechanics may play an important role in the time course changes of inspira-tory neuromuscular drive during haemodialysis. In this study, we measured the time course changes of P0.1, pulmonary mechanics and arterial oxygenation of renal failure patients mechanically ventilated with PSV to study the alterations in respiratory drive during haemodialysis with ultrafiltration, and we explored the probable mechanisms responsible for the changes in respiratory drive.
MATERIALS AND METHODS

Patients
Fourteen patients (mean age 73±9 years; 8 males, 6 females) admitted to the medical intensive care unit of Chang Gung Memorial Hospital, all requiring mechanical ventilation and haemodialysis, were enrolled in this study. The clinical characteristics of patients are listed in Table 1 . To eliminate the influence of haemodynamic instabilities on arterial oxygenation and respiratory drive, only patients with stable blood pressure during previous haemodialysis and at the time of entry into the study were enrolled. The pre-dialysis serum BUN and creatinine levels ranged from 16.4 to 44.3 mmol/l (mean 26.1±7.6 mmol/l) and 371 to 972 µmol/l (mean 564±169 µmol/l). The pre-dialysis APACHE III score 16 ranged from 47 to 98 (mean 79±15). All but one (Case 6) pre-dialysis chest radiograph showed varying degrees of pulmonary congestion or oedema and pleural effusion. The fluid ultrafiltrated during haemodialysis ranged from 0 (Case 6) to 4.5 kg (mean 2.7±1.4 kg). The study was approved by the institutional review board for human research of Chang Gung Memorial 465 RESPIRATORY DRIVE AND PULMONARY MECHANICS DURING HAEMODIALYSIS Anaesthesia and Intensive Care, Vol. 25, No. 5, October 1997 
Haemodialysis and Mechanical Ventilation Settings
A cuprammonium rayon membrane (AM-50 1.0 m 2 Asahi Medical Co. Ltd, Tokyo, Japan) was used, and the first haemodialysis session of this dialyser was enrolled in this study. Blood access was provided by a double lumen veno-venous catheter sited in the femoral vein. The dialysate and blood flow were 500 and 200 ml/min, respectively. Bicarbonate dialysate was delivered with a single-pass system. The bicarbonate dialysate used in our hospital contained a high concentration of HCO 3 -(35 mmol/l). The remaining composition of the dialysate included sodium 140 mmol/l, potassium 2.0 mmol/l, calcium 1.75 mmol/l, magnesium 0.5 mmol/l, chloride 106 mmo/l, and glucose 11 mmol/l. The duration of each haemodialysis session was four hours. The amount of fluid planned to be ultrafiltrated was determined by the nephrologist and the MICU doctor in charge of the patient according to the patient's clinical fluid status, and modified by the technician according to clinical conditions during haemodialysis. The actual amount of fluid removed (∆UF) was noted from the dialysis records. The patients were ventilated with an intensive care ventilator PB-7200 (Puritan Bennett) or Servo 900C (Siemens-Elema, Lund, Sweden) ventilator. The ventilatory mode was pressure support mode with pressure-triggering. The sensitivity was set at -2 cmH 2 O. The FiO 2 ranged from 25% to 35%. The level of preset pressure ranged from 6 to 14 cmH 2 O. The pre-dialysis FiO 2 level and ventilatory setting were set by the respiratory therapist according to the patient's clinical condition, and were kept constant throughout haemodialysis. No patient was sedated or paralysed during the period of the studied haemodialysis.
Measurements
Pulmonary mechanics: Airway pressure, flow and oesophageal pressure were continuously measured using a Bicore CP-100 pulmonary mechanics monitor. The flow was measured by a flow sensor (VarFlex Flow Transducer, Bicore Monitoring Systems, Irvine, CA, U.S.A.) positioned between the Y-piece and the endotracheal tube. Tidal volume was obtained by numerical integration of the inspiratory flow signal. Airway pressure was measured through a catheter attached to the flow sensor, and the oesophageal pressure was measured by an oesophageal balloon incorporated into a 16 gauge nasogastric tube (SmartCath Oesophageal Balloon Catheter, Bicore). The proper position of the oesophageal balloon in the mid-oesophagus was assessed by the "occlusion test" 17 and cardiac oscillations observed on the oesophageal pressure tracing. The Bicore CP-100 monitor automatically filled the balloon with 0.8 ml air and performed a leakage test. Minute ventilation (VE), respiratory rate (TT), and breathing pattern including tidal volume (VT), duration of inspiration (Ti) and expiration (Te), duty cycle (Ti/Ttot), and shallow breathing index (RR/VT) 18 were electronically analysed and calculated from the flow signal. According to the "CP-100 Pulmonary Monitor Calculations and Measurements" manual, the CP-100 determined expiratory airway resistance (Rawe) by subtracting the average transpulmonary pressure from the tidal volume divided by the dynamic compliance and then by dividing this by flow. Flow was the value averaged from the flow at 60 msec after peak exhalation and the flow at a volume 50 ml above the estimated FRC 19 . Patient's work of breathing (WOBp) was provided by the integration of the negative pressure during inspiration times flow plus chest wall work divided by tidal volume to "normalize" the value according to the equation:
WOBp= (PEE-PES) dV + Vp*Vp/2*Ccw (PEE=end-expiratory oesophageal pressure, PES= oesophageal pressure at the beginning of the breath, dV=flow, Vp=patient portion of tidal volume, Ccw=chest wall compliance was assumed to be 200 ml/cmH 2 O). Auto PEEP was defined as the difference in oesophageal pressure from the end of expiration to the start of inspiratory flow. Respiratory drive, represented by P0.1, was defined as the oesophageal pressure change during the 100 msec prior to the onset of airflow of a patient-initiated breath. All the digital parameters derived from the Bicore CP-100 were recorded continuously breath-bybreath and stored in a personal computer in the spreadsheet form for subsequent retrieval and analysis.
Gas exchange and leucocyte count measurement: Arterial blood gas and WBC count were sampled from a radial artery catheter. The blood was collected and stored anaerobically and iced for immediate assay of P a O 2 , P a CO 2 , pH, SaO 2 and with HCO 3 
Experimental Protocol
The SmartCath oesophageal balloon was inserted and a VarFlex flow sensor was connected to a Bicore CP-100 pulmonary monitor at least 30 minutes before initiation of haemodialysis. To eliminate spontaneous variation in breathing effort, mean values of the breaths five minutes before blood sampling were used to represent the ventilatory status of that period. An arterial line catheter was inserted before haemodialysis for blood sampling and haemodynamic monitoring. Dialysis continued for four hours and the time schedule for measurements was pre-dialysis (Time 0), then at 60, 120, 180, 240 minutes thereafter.
Statistical Analysis
The results obtained were expressed as mean± SEM. Because of uneven distribution of the data, Friedman two-way ANOVA by ranks was used for repeated measures of multiple related samples. If Friedman's test revealed significance, the subsequent pairwise comparisons between the mean values of each time interval and the pre-dialysis control were performed by Wilcoxon matched-pairs signed-ranks test. The level of significance was 0.05. For the multiple tests (four total) over time, the α error was adjusted according to the Bonferroni method; therefore, only the tests with P value less than 0.0125 were considered significant. Linear regression analysis using the least-squares method was applied to calculate the correlation coefficient. Table 2 shows the evolution of respiratory drive, breathing pattern and pulmonary mechanics during haemodialysis. These patients suffered from a high level auto-PEEP, and a heavy respiratory workload represented by WOBp at Time 0. Owing to the increased mechanical load, the respiratory drive (P0.1) was markedly increased before haemodialysis. After haemodialysis, there were significant decreases in the auto-PEEP, WOBp and P0.1. The decrease of auto-PEEP became significant at the end of the first hour. It remained low thereafter until the end of haemodialysis. The improvement of WOBp paralleled that of auto-PEEP and declined to a significant level by the end of the first hour after dialysis. Along with the improvement of auto-PEEP and WOBp, P0.1 also decreased progressively and reached a significant level at the end of the third hour of dialysis, and remained stationary thereafter. Dynamic compliance and Rawe also improved progressively during haemodialysis, but these tendencies did not reach a significant level.
RESULTS
Decrease of auto-PEEP following haemodialysis with ultrafiltration reduced the WOBp, and the pre-and post-dialysis changes of auto-PEEP (∆auto-PEEP) correlated significantly with the changes of WOBp (∆WOBp) with a high correlation coefficient (R=0.91). In addition, both the ∆auto-PEEP and ∆WOBp were found to contribute greatly to the decline of respiratory drive (Table 3 ). Concerning the relationship between the ultrafiltration of excess fluid during haemodialysis and improvement of P0.1,
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Anaesthesia and Intensive Care, Vol. 25, No. 5, October 1997 (Table 3 ). However, the correlation between ∆UF and ∆auto-PEEP and ∆WOBp were not significant. The changes in the arterial blood gas and haemodynamics are listed in Table 4 . Neither dialysisinduced hypoxaemia nor a decrease of P a CO 2 occurred throughout haemodialysis. In addition, the WBC counts did not drop during haemodialysis. There was no change of P (A-a) O 2 , and the haemodynamics also remained stable. Because of the use of a high concentration bicarbonate dialysate, the patients became alkalotic with arterial pH levels significantly increased compared with the pre-dialysis values. In spite of the significant alkalosis during dialysis, there was no correlation between ∆P0.1 and the pre-and post-dialysis change of arterial pH (∆pH). Neither P a O 2 nor P a CO 2 changes throughout the course of haemodialysis showed any relationship with ∆P0.1.
There were no marked changes in VT or RR, and thereby in VE. Ti/Ttot, RR/VT and PIFR also varied negligibly throughout haemodialysis ( Table 2 ). Therefore, haemodialysis did not result in alveolar hypoventilation and did not alter the breathing pattern in spite of rapid serum alkalization induced by the bicarbonate dialysate.
DISCUSSION
The main results of our study were: 1. high predialysis auto-PEEP, WOBp and P0.1 which decreased significantly after haemodialysis with ultrafiltration; 2. no dialysis-induced hypoventilation or arterial hypoxaemia during bicarbonate haemodialysis despite alkalization of body fluids.
Airway occlusion pressure (P0.1) is the pressure generated in the airway during the first 0.1 second of an occluded inspiration at functional residual capacity (FRC). We chose P0.1 as the index of res-piratory drive because, unlike those components of ventilation, i.e. VT, RR, VT/Ti and Ti/Ttot, which are heavily influenced by the viscoelastic properties of the thoracopulmonary system, P0.1 has the advantage of being independent of resistance and compliance of the respiratory system 20 . Taylor et al suggested that, under mechanical ventilation, the delay between the onset of inspiratory effort and the flow delivery imposed by an inspiratory demand valve briefly establishes a quasi-isovolumic occlusion. They proposed that the pressure required to overcome the triggering threshold of a ventilator activated by a demand valve enables estimation of respiratory drive during mechanical ventilation 21 . The high correlation between the airway occlusion pressure at 0.1 second from airway occlusion and the pressure at 0.1 second against the closed demand valve was also confirmed in acute respiratory failure patients with assist control mode by Fernandez et al 22 and with pressure support mode by Conti et al 23 . In addition, both Fernandez 22 and Conti 23 found that the estimation of P0.1 against the closed demand valve during mechanical ventilation was not influenced by the presence of auto-PEEP. The time delay between the beginning of inspiratory effort and the opening of the demand valve at a sensitivity of -2 cmH 2 O has been found to exceed 100 msec for the Puritan Bennett 7200 by Brochard et al 24 and for the Siemens Servo 900C ventilators by Viale 25 , Fernandez 22 and Brochard 24 . Therefore, we 468 C. C. HUANG, Y. H. TSAI ET AL Anaesthesia and Intensive Care, Vol. 25, No. 5, October 1997 
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In this study, nearly all the patients exhibited the problem of fluid overloading with varying degrees of pulmonary congestion and oedema. The pre-dialysis P0.1 values were markedly high (up to 8.6±2.2 cmH 2 O), higher than the proposed weanable range (4-6 cmH 2 O) 13, 14 . The raised neurochemical stimulation for the respiratory centre was less likely to be the reason for the high P0.1 since, under mechanical ventilation support, our patients were neither hypoxic nor acidotic at Time 0. Upon studying the ventilatory and occlusion pressure response to hypercapnia in uraemic patients, Sebert et al proposed a twofold mechanism: reduced lung elasticity (probably due to pulmonary oedema) and neuromuscular hypoexcitability to explain the stronger central demand necessary for maintaining the needed ventilation 26 . We speculate that, with the aforementioned deterioration in pulmonary mechanics in combination with exacerbated alveolar distensibility caused by excess lung water, a higher respiratory drive was necessary for the disadvantaged mechanical load.
The time course drop of P0.1 may be ascribed to several reasons: 1. a decrease in chemoreceptor input; 2. a depression of respiratory drive by rapid alkalization during bicarbonate dialysis; 3. a response to improvement in lung mechanics and mechanical unloading following haemodialysis with ultrafiltration. Throughout dialysis, the P a O 2 and the P a CO 2 did not change significantly (Table 4 ). Therefore, decreased chemoreceptor input was unlikely to account for the decline of P0.1.
If the fall of P0.1 was caused by the alkalization effect from bicarbonate dialysis, it should have been followed by hypoventilation and dialysis-induced hypoxaemia. The bicarbonate dialysate used in our study did induce a significant alkalotic change with a significant increase in the pH levels (Table 4 ). However, not only did the tidal volume and minute ventilation remain static ( Table 2 ), but there also was no fall in P a O 2 or P a CO 2 (Table 4 ). In addition there was no correlation between ∆P0.1 and ∆pH. This lack of correlation between P0.1 and gas exchange function was also mentioned by Herrera et al 13 and Murciano et al 15 . Therefore, there must be another mechanism responsible for the improvement of respiratory drive.
Early in 1970, Ziduka 7 , Stanescu 9 , and Putnam 27 reported that accumulation of oedema around the small airways resulted in reversible small airway obstruction, premature airway closure and gas trapping. They suggested that the improvements in pul-monary function after haemodialysis are mainly attributed to decreased lung water content. Although we did not directly measure lung water changes during haemodialysis, accumulation of excessive lung water is suspected to account for the high pre-dialysis auto-PEEP in our patients according to these findings. Following the correction of expiratory airflow obstruction by removing excessive interstitial fluid through ultrafiltration, the high pre-dialysis auto-PEEP diminished rapidly ( Table 2 ). With the presence of auto-PEEP, increased inspiratory effort must be exerted to overcome the auto-PEEP in order to trigger another breath. The imposed work of breathing caused by the presence of auto-PEEP has been noted by Smith and Marini 28 and Petrof et al 29 in a group of patients with COPD. By correcting the interstitial oedema, the decrease in the closing volume and increase in FRC shifted the alveoli to the steeper portion of the volume-pressure curve and rendered them more compliant. Consequently, the breathing work needed was gradually reduced. Together with the decline of auto-PEEP during haemodialysis, WOBp decreased rapidly and became significant by the end of the first hour (Table 2) , and the ∆auto-PEEP correlated highly with ∆WOBp ( Table 3 ).
In the aforementioned discussion, haemodialysis with ultrafiltration improved the pulmonary mechanical properties and decreased the WOBp. As for the relationship of patient's inspiratory WOB with P0.1, both Marini et al 30 and Alberti et al 31 found a good correlation between them. Herrera et al also showed a progressive fall of P0.1 as patients needed less ventilatory support 13 . Our results were compatible with their findings and, with the continuance of haemodialysis, the P0.1 descended gradually and ∆WOBp correlated with the ∆P0.1 closely with a high correlation coefficient (R=0.91) ( Table 3) . Accordingly, we conclude that in these ventilated renal failure patients, there exists an exaggerated central response at Time 0 which decreased following the improvement of mechanical properties of the respiratory system.
In addition to the removal of interstitial oedema, it is possible that haemodialysis with ultrafiltration improves the airways resistance and auto-PEEP through other mechanisms, e.g. by removing a broncho-constricting substance. However, we found a negative, moderately significant correlation between the amount of fluid removed (∆UF) and ∆P0.1 (R=-0.54) ( Table 3 ). The moderately significant R value is reasonable since the determination of P0.1 is multifactorial, and the fluid ultrafiltrated came not merely from the lungs but also from the interstitial spaces of the whole body. This correlation supports our finding that elimination of excess lung water during haemodialysis, including interstitial oedematous fluid and pleural effusion, diminished the inspiratory neuromuscular output necessary to maintain the constant ventilation.
In summary, we conclude that haemodialysis, with extraction of excess pulmonary water, can improve lung mechanics and decrease WOBp by unloading respiratory muscle. The decrease in respiratory drive during haemodialysis was due to the improvement in pulmonary mechanical properties and not the rapid alkalization of body fluids from bicarbonate dialysate. Whether the effects from a single session of haemodialysis can be extrapolated to imply that more aggressive ultrafiltration to remove interstitial oedema fluid would help to wean renal failure patients from mechanical ventilation awaits further study.
